The low-temperature storage of avocado affects its subsequent softening process and shelf life. One of the main indices of ripeness in avocado fruit is firmness, which changes during the ripening and softening process. The temperature and duration of storage fundamentally influence the firmness of the stored fruit, and monitoring the softening of fruit enables us to regulate its shelf life. The objective of the present study was to use nondestructive ultrasonic tests to elucidate the influences of storage temperature and time on the softening process of avocado fruit. The attenuation of the ultrasonic waves transmitted through the fruit tissue changes as the fruit passes through the various softening stages during and after low-temperature storage. Four groups of avocados, each stored at a different low temperature, and a control group which was stored at room temperature (20°C) were examined during and after their designated storage times, until they reached full ripeness at room temperature. Nondestructive ultrasonic tests and destructive penetration measurements were carried out in order to determine the attenuation and the tissue firmness, respectively, of the avocados. Statistical analysis showed quite good correlation between the firmness and the ultrasonic attenuation, and their dependence on previous storage time-temperature history. This suggests that the ultrasonic measurements could be used as a nondestructive method of monitoring avocado ripeness during low-temperature storage.
Introduction
Horticultural maturity of avocado (Persea americana Mill. cv. 'Ettinger') fruit can be defined as the growth stage at which harvested fruit will undergo normal ripening. Mature avocados do not ripen on the tree, but soften several days after being picked. When an immature avocado is harvested, it will not ripen properly, if at all, whereas an over-ripe one will decay rapidly after harvest. One of the main indicators of ripening in avocado is their firmness. Previous studies have shown that avocado firmness correlates well with fruit ripeness and expected storage time (Lewis, 1978) . Firmness declines initially at a moderate rate, which increases later until firmness falls to less than 5 N resistance of penetration at full ripening (Zauberman and Fuchs, 1981) . The temperature and time of storage fundamentally influence the firmness and other mechanical parameters of the stored fruit. The response of avocados to lowtemperature storage has been studied by Bleinroth et al. (1976) , Zauberman et al. (1977) , Zauberman and Jobin-Decor (1995) , Berger et al. (1982) , and the firmness change under these conditions has been used as an indicator of ripening. Storage temperatures generally range between 5 and 8°C, but some research performed as low as 2°C found that storage at 2 -8°C could extend shelf life and facilitate the distribution of avocados to distant markets.
In order to control the ripening process and to ensure longer shelf life, it is advisable to monitor the firmness of the avocado fruit during low-temperature storage. Frequently removing samples of fruit and performing penetrometer tests is a means of doing this, but it is a destructive technique that does not allow continuous monitoring, and there is a great need for a nondestructive method. Various researchers have suggested diverse nondestructive methods for maturity and firmness evaluation of avocado fruit: nuclear magnetic resonance (NMR) methods (Chen et al., 1993) , applying vibrations to one side of the fruit, while measuring the transmitted vibration energy on its other side (Peleg et al., 1990) , acoustic testing based on mechanical impulse excitation and flexible piezoelectric sensors (commercially available as Firmalon) (Galili et al., 1998) ; near infrared spectroscopy (Schmilovitch et al., 1997) ; ultrasonic excitation , etc. None of these studies included measurements at various storage temperatures. The present authors propose an ultrasonic technique for measurements of the avocado softening process under low-temperature storage conditions. An ultrasonic technique has been suggested in the past, as a dedicated method for nondestructive firmness evaluation of fruit and vegetables (Mizrach et al., 1989) ; it used a high-power, low-frequency ultrasonic system for excitation of fruit tissue, and exploited the basic acoustic properties of some fruit and vegetables, i.e. wave propagation velocity and attenuation. In addition, Mizrach et al. (1994) found a strong interdependence between ultrasonic properties and post-harvest ripening parameters of the fruit tissue, and they patented a device for nondestructive determination of fruit quality parameters. Models of ultrasonic parameters to assess avocado properties and shelf life were suggested as well . All the above-mentioned studies of the ultrasonic technique were performed on avocados placed in room-temperature storage immediately after harvest. Recently, Mizrach et al. (2000) suggested a method for monitoring avocado softening in lowtemperature storage using nondestructive ultrasonic measurements. The objective of the present study was to use this technique to analyze ultrasonic signals in avocados stored at several low temperatures and to examine the effects of the temperature and storage time on the softening process in the low-temperature storage and while removing the fruit to room-temperature storage.
Materials and methods
The basic experimental arrangement included a high-power, low-frequency ultrasonic pulser-receiver (Krautkramer, model USL33), a pair of 50-kHz ultrasonic transducers and a microcomputer system for data acquisition and analysis. Exponential-type Plexiglas beam-focusing elements were used to reduce the 55-mm diameter of the beam from each transducer to that of the desired area of contact with the fruit. The transducers were mounted with an angle of 120°b etween their axes, enabling an ultrasonic signal to be transmitted and received over a short distance across the peel of the fruit (Mizrach et al., 1994) . The head arrangement allowed relative motion of the ultrasonic probes along a transverse axis, while a controlled contact force on the fruit peel was maintained.
The through-transmission mode was selected, with one transducer acting as a transmitter and the other as a receiver. The pulser caused the transmitter to oscillate and emit a narrow-band ultrasonic pulse obliquely into the peel and through the fruit tissue. Previous study had shown that the thin peel of avocado fruit (cv. 'Ettinger') did not interfere with the ultrasonic waves (Mizrach et al., 1994) . The ultrasonic energy input induced waves through the fruit tissue, which activated the receiver. The output pulse was displayed on a cathode ray tube (CRT) monitor, on which the pulse amplitude and transit time could be visually determined. In parallel, a built-in peak detector and microprocessor-controlled serial interface captured the signal amplitude and the transit time, and sent a digitized read-out to an external microcomputer. The collected data were used to determine the attenuation of the waves and hence to calculate the attenuation coefficient of the fruit, by means of common formulations described by Mizrach et al. (1989) .
Mature avocado (cv. 'Ettinger') were harvested and graded by weight, and those of OECD standard (OECD, 1995) size group '16' (weight between 236 and 265 g) were selected. Fruit were transported to the laboratory within 48 h and transferred to well ventilated rooms at 2, 4, 6 and 8°C. Fifteen avocados were stored continuously in a ventilated laboratory at 20°C ( 85% humidity); they served as controls and were assessed daily. Each week for 4 weeks, 15 fruit were removed from each temperature regime for ultrasonic nondestructive tests and destructive penetration tests at five successive ripening times. The peel of each fruit was marked at six locations on the circumference ('equator') of the largest cross-section perpendicular to the blossom endstem end axis; one for ultrasonic nondestructive testing and the remaining five for penetration tests at successive ripening times. The six locations were spaced 60°apart around the circumference, to minimize the influence on the repeated NDT tests and of local bruising caused by the firmness penetration test. Destructive tests were conducted immediately after the ultrasonic tests, to determine the firmness of the avocado fruit.
Each fruit was subjected daily to a nondestructive ultrasonic test. The pulse amplitude of the transmitted ultrasonic signal was measured at the marked point, for five different spacings (5, 12, 14, 16 and 18 mm) between the two probes. The attenuation of the ultrasonic signal was calculated according to the exponential expression (Krautkramer and Krautkramer, 1990) : A = A 0 e − hl , where l is the spacing between the input and collection probes, A and A 0 , respectively, are the ultrasonic signal amplitudes at the beginning and end of the propagation path, l of the ultrasonic wave, and h is the apparent attenuation coefficient of the signal.
The penetration tests were performed on unpeeled fruit (a recognized method for firmness determination in all varieties of avocado fruit), with a durometer (John Chatillon & Sons, New York) with a 6.35-mm diameter conical head and 60°cone angle . The peak force, measured in newtons (N), was recorded at a penetration rate of 3 mm/s, to a maximum penetration depth of 7 mm. Each fruit was subjected to the penetration test at the remaining marked locations, in sequence, every second day until they reached eating ripeness (i.e. firmness equal to 10 N).
Results and discussion
The softening process of the control avocados (20°C) started immediately after harvest, and their firmness dropped rapidly from 99.5 N on the first day to a low value of 12.1 N after 7 days (Table  1 ). The ultrasonic attenuation of this group increased rapidly over the same period from 2.09 dB/mm initially to 4.03 dB/mm on the last day. The correlation coefficient between the attenuation and the firmness for the control avocados was determined once, immediately after storage, and found to be relatively high. A correlation analysis was performed for the controls (15 fruit) and for the totals of the weekly values over 4 weeks (60 fruit per storage temperature).
As shown in Table 1 , the avocados at 6 and 8°C softened more rapidly than those stored at 2 and 4°C. During four weeks of storage at the lower temperatures (2 and 4°C), the firmness decreased, although insignificantly, to 89.2 and 79.2 N, respectively. Fruit from higher temperature storage (i.e. 6 and 8°C) changed their firmness more significantly to 12.5 and 10.9 N, respectively. The attenuation measured on avocados sampled from low-temperature storage initially decreased during the first storage week, and avocados from lower storage temperatures showed lower attenuation. The signal amplitude attenuation changed from an initial value of 2.09 dB/mm to lower values: 1.56, 1.89, 1.94 and 2.03 dB/mm, for fruit stored at 2, 4, 6 and 8°C, respectively. This phenomenon has been reported in previous studies (Mizrach et al., 1989; Mizrach and Flitsanov, 1995; . Then, from the end of the first week of low-temperature storage until 28 days, the attenuation increased with time for all groups: to 1.87, 2.36, 3.02 and 3.19 dB/mm for those stored at 2, 4, 6 and 8°C, respectively.
The firmness values and the amplitude attenuation for 4 weeks of low-temperature storage are presented in Fig. 1 as dots connected with dotted lines. The fruit stored at 4 and 6°C gave better correlation coefficients between destructive and nondestructive tests (r= 0.978, and 0.979, respectively) than those stored at 2 and 8°C (r= 0.926 and 0.9, respectively).
The second stage of the experiment was the analysis of the ripening process at room temperature (20°C), after low-temperature storage. After each week, during 4 weeks of cold storage, 15 fruit were removed from each group and kept at room temperature (20°C) until their firmness reached the ripe level (i.e. 10 N). The fruit firmness changes were monitored with nondestructive Table 1 Variation of wave amplitude attenuation and firmness of avocado, during 4 weeks of low-temperature storage (at 2, 4, 6 and 8°C), and control group stored at room temperature (20°C) ultrasonic attenuation measurements and measured with the destructive penetration test. The changes with time of the mean values of the resulting firmness and ultrasonic wave attenuation data are presented in Fig. 1 . The corresponding data for the control group are also presented in Fig. 1 , labeled 'week 0'. Firmness and attenuation data for each sample of fruit were recorded from their removal to room temperature until they reached a firmness of 10 N. The graphs show that the softening process of avocado fruit which had been stored at 2 and 4°C was slower than that of those stored at 6 and 8°C (Fig. 1) . Thus, after the first week of low-temperature storage, the ripening of the fruit stored at 2 and 4°C took 7 and 8 days, respectively, while those stored at 6 and 8°C ripened faster, taking 5 days. The time data (in days) for room temperature ripening (i.e. shelf life) are presented in Table 2 ; the ripening time decreased with increasing storage time. Thus, after 3-4 weeks of storage at the higher temperatures, the fruit softening took 2 days or 1 day for fruit stored at 6 or 8°C, respectively. Avocados stored at 2°C for 4 weeks ripened within 3 days, but those stored at 4°C took a mean of 4 days to ripen fully. Some of the fruit stored at 2°C for 4 weeks sustained chilling injury defects. In parallel to destructive firmness measurements, nondestructive ultrasonic measurements were performed. Fig. 1 shows that attenuation increased during the ripening at room-temperature, after removal of the avocados from cold storage. A good correlation was found between the firmness and the ultrasonic wave attenuation data presented in Fig. 1 , and summarized in Table  3 . The correlation coefficients for the groups, stored at 2 and 4°C and removed after weeks 1 -4 were in the ranges of 0.914 -0.973 and 0.857 -0.966, respectively; for those stored at 6 and 8°C and removed after week 1 or 2, the correlation coefficients were in the range of 0.939 -0.998 or 0.968, respectively. The coefficients were similar to that calculated for the control group (stored at room temperature), i.e. 0.964. Fig. 1 shows that the attenuation measured at full ripeness (firmness of 10 N), diminished as cold-storage time increased, for all temperature groups. Thus, the mean attenuation in the control group was 4.03 dB/mm and the firmness was 12.1 N. The avocados stored for 1 week at 2, 4, 6 and 8°C and measured after shelf life at room temperature, showed attenuation of 3.23 dB/mm for 8.1 N, 3.66 dB/mm for 9.9 N, 3.32 dB/mm for 9.2 N and 3.43 dB/mm for 9.5 N, respectively. The corresponding values after 4 weeks of low-temperature storage were 2.80 dB/mm for 10.1 N, 2.79 dB/mm for 9.4 N, 2.60 dB/mm for 12.3 N and 2.95 dB/mm for 10.9 N, respectively.
The influence of the various storage temperatures, obtained from discrete storage cells (2, 4, 6 and 8°C), on the firmness and ultrasound attenuation after 1, 2, 3 and 4 weeks was investigated as well, and the results are presented in Fig. 2 . A linear expression, Attenuation = A × Temperature+ B, was selected as the curve of 'best fit'. The parameters A and B, for the linear expression and the coefficient of determination are summarized in Table 4 ; higher attenuation observed for higher storage temperatures. The incremental rates (A in Table 4 ) became faster as the storage a Weekly samples of 15 fruit, 4-week total sampled 60 fruit. * The correction coefficient between firmness and attenuation has not been calculated due to insufficient amount of data. Fig. 2 . The variation of the mean values of firmness ( , 4 weeks; , 3 weeks; , 2 weeks; , 1 week) and the ultrasound signal attenuation (, 4 weeks; , 3 weeks; , 2 weeks; , 1 week) with storage temperatures, at several storage times, for avocado fruit cv. 'Ettinger'. firmness monitoring technique during low-temperature storage.
Summary and conclusions
This study demonstrated the possibility of using an ultrasonic measurement technique for nondestructive monitoring of the softening process in avocado, during and after low-temperature storage at various temperatures. Ultrasonic attenuation was negatively related to the measured firmness of the stored fruit and to their ripening stage. The wave attenuation measured during low-temperature storage increased with time, while the firmness of the fruit decreased at different rates for different storage temperatures, and these rates were positively correlated with the attenuation. It is suggested that the ultrasonic period increased. Unlike the linear dependence of attenuation, the firmness followed a sigmoidal curve (Fig. 2) . A significant change occurred between 4 and 6°C for all storage times, for reason(s) as yet unknown, and further study is required. Since firmness and attenuation were both time-dependent, the direct relationship between these two parameters was plotted (Fig. 3) . A fundamental relationship between firmness and attenuation could be observed in two clusters. Data from 6 to 8°C concentrated in cluster 1 and those from 2 to 4°C concentrated in cluster 2 (Fig.  3) . This suggests that monitoring of fruit firmness by means of attenuation measurements should be differentiated, at least between storage above and below 6°. However, for a given storage temperature, the results appear to suggest that the ultrasonic method can be used as a nondestructive method could be used as a nondestructive firmness measurement technique during low-temperature storage. When the fruit were transferred to room temperature, the firmness and ultrasonic attenuation continued to change in the same directions but much faster than those of the control group, which had been stored at room temperature. Statistical analysis shows good correlation between firmness changes during the ripening process and ultrasonic attenuation measurements for different samples of fruit, when their respective low-temperature storage histories (the time and the temperature) were taken into account. More basic measurements and analyses are required to take account of differing balances among the storage conditions, since these might influence the ultrasonic measurement results.
